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Dielectric spectroscopy is a powerful tool to study dipole relaxation, electrical conduction, and
structure of molecules. Electrode polarization, as a parasitic effect due to the blocking of charge
carriers in the vicinity of an electrode, can make the frequency response at low frequency difficult to
understand. Since charge carriers in mineral oil are not only generated from dissociation but also
from injection at electrodes, current induced by motion of injected charge carriers should also be
taken into consideration. The polarization caused by the injection current has been studied in this
paper. When the electric field is not intense, the injection current is proportional to the field and only
contributes to the imaginary part of the complex permittivity. A new model has been proposed with
this injection current being involved. The frequency responses of three different kinds of mineral
oils have been measured and this new polarization model has been used to fit the experimental data.
According to the simulation result, the frequency-dependent curves of complex dielectric
permittivity calculated from the polarization model could fit the experimental data well. The amount
of the injected charge carriers increases with the aging time. This new model enables one to gain a
better understanding of electrical conduction in mineral oil.VC 2014 AIP Publishing LLC.
[http://dx.doi.org/10.1063/1.4869546]
I. INTRODUCTION
Starting in the late nineteenth century, dielectric spec-
troscopy techniques were developed for measuring polariza-
tion of various materials. Nowadays, a typical measurement
can cover an extensive range of frequency from several GHz
to micro-Hz. It is a powerful tool to study dipole relaxation,
electrical conduction, structure of molecules, etc.1 This
frequency-domain method has been used to investigate
dielectric properties of mineral oil and to estimate the remain-
ing life period of a transformer in service.2–6 Parameters
obtained from this frequency-domain method have a good
capability for determination of physical and chemical proper-
ties of insulating oil.2–8
It is generally accepted that the electrode effect is a par-
asitic effect during dielectric spectroscopy measurement,
since it can be added to the real dielectric response and make
experimental result difficult to understand.1 This effect origi-
nates from the blocking of charge carriers at the liquid/solid
interface. If the charge carriers are blocked by the electrode,
the accumulation of charge carriers in the vicinity of the
electrode could lead to a non-homogeneous electric field dis-
tribution and a reduction of the total current. The presence of
space charge can result in a significant increase of the real
part of complex permittivity when the frequency is low.1
The space charge polarization has been studied both theoreti-
cally and experimentally by many researchers.9–29 Jaffe has
presented a general solution to the polarization under a
homogeneous field or a hyperbolic field and his theory has
been verified in both electrolytic solutions and dielectric
liquid.9–13 Macdonald and Friauf have obtained more general
solutions based on the Jaffe’s studies, and their theoretical
space charge polarization expressions have been accepted
and used to analysing the frequency response result that is
measured from experiments.14–20 Coelho has proposed a
model by taking into account the combined influence of field
and thermal diffusion.21,22 Frood and Gallagher have applied
Coelho’s model in liquid sample and reported that Coelho’s
model was unable to explain the behaviour of the imaginary
part of the complex permittivity.23 Frood and Gallagher
thought there might be highly mobile charge carriers in liq-
uid.23 Methods used previously lead to non-linear solutions
are based on linear approximations that is valid for low
voltages only; thus, Stern and Weaver provided a computer-
based method to calculate the effective complex permittivity
of a solid dielectric material under high electric field.24
Sawada has studied the space charge polarization based on
computer simulation and indicated that the presence of the
space charge might have an adverse impact on Macdonald’s
frequency response theory.25–29
As shown in the literatures that have been published, the
frequency responses of mineral oil share several common
features.2–8 The real part of the complex permittivity would
increase when the frequency decreases, whilst the imaginary
part decreases with frequency with a slope close to 1 in a
log-log scale.2–8 However, the curves of the imaginary part
of the complex permittivity which is calculated from current
theories can reach a peak value and then start to decrease as
the frequency decreases, which is against the experimental
data.2–6,9–29 Therefore, there should be other charge trans-
portation processes being involved. In this paper, this new
type of charge carriers is assumed to be the injected charge
carriers and these injected charge carriers are assumed to be
charged in the region close to one electrode and discharged
in the vicinity of the opposite electrode. In nonpolar liquids,
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charge injection and transportation are different from that in
solid and gas. The charge injection may be described by a
two-step process: the charge carriers will be created at the
electrodes, and then extracted by the electric field from the
image force region.30,31 The second step has been fully
understood, whilst the mechanism of charge transfer at elec-
trodes is still not clear.30 The charge injection in liquid was
first studied by Felici in 1978.32 Felici took into account the
field distribution in the region that was close to the metal/li-
quid interface and the charge transportation mechanisms par-
ticipating in a region near the interface and derived an
analytic solution for charge injection.32 Later, Denat et al.
have studied the electrical conduction of liquids when injec-
tion and dissociation are both present.33–36 This ionic injec-
tion theory has been widely studied and verified in various
kinds of the liquid under different experimental
conditions.30–41 Alj et al. analysed the experimental data
based on this injection theory and they have found a strong
correlation between the current that is contributed by injec-
tion and the concentration of ions at thermodynamic equilib-
rium.30 Nemamcha verified this ionic injection equations
under different temperatures and found out the field depend-
ence of the injected current density followed the Felici’s
theory regardless the temperature.31 Pontiga and Castellanos
suggested that Onsager’s theory for the dissociation of ionic
pairs in the bulk should be added to the injection theory.40–42
As charge injection can contribute to the total conduc-
tivity, the current induced from injection should also be
taken into consideration in analysing of frequency response
in mineral oil. In our previous work, an ohmic component
has been added to the classic ionic drift and diffusion model
and this new model can fit the experimental data quite
well.43 In this paper, the dielectric characteristics of three
types of mineral oils with different aging times are studied
using dielectric spectroscopy method. The polarization
caused by the injection is studied for the following two
cases: (A) the charge carriers that are created at one elec-
trode can get to the opposite electrode in a full cycle; and
(B) these charge carriers are unable to travel to the opposite
electrode. A new charge drift and diffusion model is pro-
posed and the parameters used in the numerical calculation
are compared.
II. GENERAL EQUATIONS FOR FREQUENCY
RESPONSE IN MINERAL OIL
Let us consider a parallel electrode system filled up with
mineral oil. Here, we assume that diffusion coefficient,
mobility, density, and charge that is a single charge carrier
carried of positive ions are equal to those of negative ions;
therefore, the density of positive charge carriers and negative
charge carriers can be written as
nþ ¼ n ¼ n0 ¼ r=qðlþ þ lÞ; (1)
where nþ and n are the density for the positive charge car-
riers and the negative charge carriers, r is the conductivity
of the mineral oil, q is the charge carried by a single charge
carrier, and lþ and l are the mobility for the positive and
negative charge carriers, respectively.
There are three forces acting upon the charge carriers.
The Coulomb force, the friction force, and the force from the
pressure of other ions can affect the velocity of the charge
carriers. The motion of the charge carriers and the time
needed for the ion to reach its limit velocity in the liquid has
been well studied.44,45 The velocity of the charge carriers
can be safely assumed to be proportional to the field if the
frequency is below 100Hz and the field is not high. Thus,
the velocity can be described as
~v ¼ l~E; (2)
in which~v is the velocity, ~E is the field, and l is the mobility.
Due to the presence of the space charge, the electric
field is subject to the Poisson equation
@Eðx; tÞ
@x
¼ q½nþðx; tÞ  nðx; tÞ=e0er; (3)
where e0 is the dielectric constant of vacuum and er is the
relative dielectric constant of the liquid. If the electric poten-
tial between these two electrodes is VðtÞ and the distance
between them is l, the electric field should obey the follow-
ing equation:
VðtÞ ¼
ðl
0
Eðx; tÞdx: (4)
If charge carriers are assumed to being continuously
generated from the dissociation of ionic pairs and ionic pairs
are formed by the recombination of these charge carriers
conversely, this dissociation and recombination process can
be described using
dnþ
dt
¼ dn
dt
¼ Kdc Krnþn; (5)
where c is the concentration of ionic pairs, Kd is the dissocia-
tion constant, and Kr is the recombination constant. The
recombination constant can be written as46
Kr ¼ qlþ þ le0er : (6)
The dissociation constant can be calculated from Eq. (5)
by assuming the steady state equilibrium has been reached in
the mineral oil
Kd ¼ Krnþn=c ¼ Krn02=c: (7)
When the flow of oil can be ignored, the density of posi-
tive and negative charge carriers can be denoted as
dnþðx; tÞ
dt
¼Krn20  Krnþðx; tÞnðx; tÞ þ Dþ
@2nþðx; tÞ
@x2
lþ
@½nþðx; tÞEðx; tÞ
@x
; (8)
dnðx; tÞ
dt
¼Krn20  Krnþðx; tÞnðx; tÞ þ D
@2nðx; tÞ
@x2
þl
@½nðx; tÞEðx; tÞ
@x
; (9)
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where D is the diffusion coefficient. According to Einstein
relation, the diffusion rate can be written as
D6 ¼ l6kbT
q
; (10)
where kb is the Boltzmann constant and T is the absolute
temperature. If both electrodes are completely blocked elec-
trodes and no current arising from the motion of either type
of ions flow across the electrodes, the boundary conditions at
x ¼ 0 and x ¼ l can be described as
D6
@n6ð0; tÞ
@x
 l6n6ð0; tÞEð0; tÞ ¼ 0; (11)
D6
@n6ðl; tÞ
@x
 l6n6ðl; tÞEðl; tÞ ¼ 0: (12)
In the system, positive or negative charges should be supplied
to the electrodes by the power source and become bound
charges to compensate the charge carriers that approach the
electrodes, so that the voltage between the two electrodes can
be equal to the output voltage from the power source. Because
there is no charge exchange at the interface, the current flows
through the measuring circuit can be calculated from the
change of these bounded charges. The quantity of these
bounded charges at the electrode at x¼ l can be written as
QðtÞ ¼  q
l
ðl
0
x½nþðx; tÞ  nðx; tÞdx: (13)
Thus, the total current JcðtÞ that was caused by the motion of
the charge carriers can be denoted as
JcðtÞ ¼ dQðtÞ=dt: (14)
When one material does not contain any mobile charge car-
riers, its permittivity consists of the contribution of electronic,
atomic and dipole polarizations. As pointed out by Sawada,
the permittivity contributed by electronic, atomic, and dipole
polarizations can be assumed to be constant within the fre-
quency range of the space charge polarization studied and the
dielectric loss brought about by these polarizations is
negligible.25–27 Thus, when the external electric potential that
was applied upon these two electrodes is a sinusoidal voltage
VðtÞ ¼ V0 sinðxtÞ, the relative dielectric permittivity involves
the electrode polarization can be written as
e00ðxÞ ¼ 2Ireall
e0xV0S
e0ðxÞ ¼ 2Iimagl
e0xV0S
þ es;
8>><
>>:
(15)
with
Ireal ¼ f
ð1=f
0
JcðtÞS sinðxtÞdt
Iimag ¼ f
ð1=f
0
JcðtÞS cosðxtÞdt;
8>><
>>:
(16)
where f is the frequency, S is the surface area of the electrode,
and x is the angular frequency. es is the dielectric constant of
the material consisting of the contributions of electronic,
atomic, and dipole polarizations, Ireal is the integration of the
current that contributes to the imaginary part of the complex
permittivity, while Iimag is the integration of the current that
can affect the real part of the complex permittivity.
The injection of charge carriers can be described by
means of a two-step process: (A) charge carriers are created
at a region that is close to the metal/liquid interface; (B)
these newly generated charge carriers are extracted from that
region and drift into the bulk. The rate of extraction of these
injected charge carriers is determined by two transport mech-
anisms: ionic migration and diffusion. Felici has studied the
injection in insulating hydrocarbon liquid and obtained an
analytical solution32,33
qi ¼ q0  exp  e
2
16pe0erxBkbT
 
ð2b K1ð2bÞÞ; (17)
with
b ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
ðe3E=16pe0erkb2T2Þ
p
; (18)
where qi is the charge density that is considerable far away
from the electrode, xB is the minimum approach of a charge
carrier to the metal electrode, q0 is the charge density at xB,
and K1 is the modified Hankel function. Here, we assume
there are only one kind of injected charge carriers in the min-
eral oil and these injected charge carriers are positive charge
carriers. Thus, there will be no recombination for the injected
charge carries. If the extraction rate is far lower than the
injection rate at the electrode, the field dependence of the
injection current density can be denoted as30,31
ji ¼ qiliE ¼ q0i liE=½2b K1ð2bÞ; (19)
where q0i a constant charge density that depends on the
nature of liquid and electrode and li is the mobility of these
injected charge carriers. When the field is not very high,
2bK1ð2bÞ  1. At a low electric field of 2V/mm, this injec-
tion process can be safely assumed to be autonomous.40,41,45
If the diffusion effect can be ignored in the analysis of
the injection current in dielectric liquid, and the internal field
can be treated as a homogeneous field, the time dependent
injected current density ji (t) that is in the vicinity of the elec-
trode can be described as
jiðtÞ ¼ q0i liEðtÞ=½2b K1ð2bÞ  q0i liEðtÞ; (20)
in which li is the mobility of the injected charge carriers.
Since the total injection current is caused by the motion of
all the injected charge carriers. The total current density Ji (t)
that is from the injection can be denoted as
JiðtÞ ¼ 1
l
ðl
0
jiðx; tÞdt ¼ liEðtÞqðtÞ=l; (21)
where qðtÞ is the total injected charge and l is the distance
between two electrodes. There are two different cases for the
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polarization caused by the injection. First, the injected charge
carriers created at one electrode are unable to reach the oppo-
site electrode in a full cycle. Second, these injected charge
carriers can get to the opposite electrode in a full cycle.
First, we will discuss the polarization under the condi-
tion that the charge carriers cannot reach the opposite elec-
trodes in a cycle.
If the charge carriers can be neutralized immediately
once they approach the oil/metal interface, the total injected
charge can be calculated using the following expression:
qðt0Þ ¼
ðt0
0
jiðtÞdt ¼
ðt0
0
q0i liEðtÞdt: (22)
When the external voltage applied to the electrodes is
VðtÞ ¼ V0sinðxtÞ, we can get
qðt0Þ¼
ðt0
0
q0i liðV0=lÞsinðxtÞdt¼
q0i liV0
xl
1 cosðxt0Þ½ : (23)
On considering that the injection can also take place at the
opposite electrode, the current that was injected from the op-
posite electrode can be denoted simply as
qoppoðt0Þ ¼
q0i liV0
xl
1þ cosðxt0Þ½ ; (24)
in which qoppoðt0Þ is the total charge that was injected from
the opposite electrode. Therefore, the total charge qtotðt0Þ
injected from both electrodes should be
qtotðt0Þ ¼ qðt0Þ þ qoppoðt0Þ
  ¼ 2q0i liV0
xl
; (25)
which means that qtot is constant value and can only be
determined by the frequency. Thus, the total injection current
from both two electrodes is
JiðtÞ ¼ liVðtÞqtotðtÞ=l2 ¼
2q0i l
2
i V
2
0
xl3
½sinðxtÞ: (26)
After using Eq. (16), we can obtain
DIreal ¼ 1
T
ðT
0
2q0i li
2V0
2
xl3
½sin2ðxtÞSdt ¼ q
0
i li
2V0
2S
xl3
DIimag ¼ 1
T
ðT
0
2q0i li
2V0
2
xl3
sinðxtÞcosðxtÞSdt ¼ 0:
8>>>><
>>>>:
(27)
By substituting Eq. (27) into Eq. (15), the polarization
caused by the injection can be denoted as
De00 ¼ 2DIreal
e0xE0S
¼ 2q
0
i li
2V0
e0x2l2
De0 ¼ 0;
8><
>: (28)
in which DIreal and DIimag are the integration of the total cur-
rent that is only contributed by the injection current, whilst
De00 and De0 are the changes of the complex permittivity in
imaginary part and real part, respectively. However, it seems
that the imaginary part will decrease faster as the frequency
increases, which is not in a good agreement with our experi-
mental result.43
If li > xl
2=2V0, the injected charge carriers are fast
enough to reach the opposite electrode. Here, we assume that
the injected charge carriers can be also neutralized immedi-
ately when they can get close to the electrode and the internal
field does not change a lot and can be treated as a homogenous
field. A sinusoidal field with magnitude V0 and period T is
shown in Fig. 1. If the injection takes places at t¼ 0 at one
electrode, for the other electrode the charge injection starts at
t¼T/2. In the following paragraphs, we will refer the electrode
at which that injection begins at t¼ 0 as the first electrode and
the other electrode as the second electrode for simplicity.
For the first electrode, the injected current density in the
vicinity of this electrode can be denoted as
ji ¼ q0i liðV0=lÞsinðxtÞ ð0 < t < T=2Þ
ji ¼ 0 ðT=2 < t < TÞ:
(
(29)
The total charge that injected from the first electrode from t1
to t2 under the circumstance that the charge carriers that
injected from the first electrode at t1 can just reach the sec-
ond electrode at t2 can be written as
q1ðt2Þ ¼
ðt2
t1
jiðtÞdt ¼ q0i
ðt2
t1
liðV0=lÞsinðxtÞdt: (30)
The distance between the two electrodes, l, also satisfies
l ¼
ðt2
t1
liðV0=lÞsinðxtÞdt: (31)
Therefore, the total amount of charge that was injected from
the first electrode at t¼ t2 can be denoted as
q1ðt2Þ ¼ q0i l: (32)
FIG. 1. A sinusoidal electric field with magnitude E0 and period T.
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At the very beginning, the injected charge carriers do
not have enough time to reach the second electrode and the
minimum time required for the charge carriers that are
injected at t¼ 0 can get to the second electrode is
tmin ¼ arccosð1 xl2=lV0Þ.
Thus, the total charge that injected from the first elec-
trode at the beginning is
q1ðt0Þ ¼
ðt0
0
q0i liðV0=lÞsinðxtÞdt
¼ q
0
i liV0
xl
ð1 cosðxt0ÞÞ ð0 < t0 < tminÞ: (33)
When T/2> t> tmin, as the charge carriers that was injected
from the first electrode can reach the second electrode, Eq.
(31) can be used to calculate the total charge that was
injected from the first electrode and the amount of these
injected charge can be denoted as
q1ðtÞ ¼ q0i l ðT=2 > t > tmin Þ: (34)
When the electric field reverses at t¼ T/2, the total injected
charge from the first electrode can be simply obtained as
q1ðT=2Þ ¼ q0i l. After the field reverse, the injected charge
carriers will start to be neutralized at the electrode from
which they are injected. Therefore, the total amount of
charge after the field reverse can be written as
q1ðtÞ ¼ q0i lþ
ðT=2þtmin
T=2
q0i liðVðtÞ=lÞdt
¼ q0i l
q0i liV0
xl
1þcos xtð Þð Þ ðT=2 < t < T=2þ tminÞ:
(35)
After all these charge carriers have been extracted, the cur-
rent will be zero.
To sum up, the total charge due to the injection from the
first electrode in a full field cycle can be denoted as
q1ðtÞ ¼
q0i liV0
xl
ð1 cosðxtÞÞ ð0 < t < tminÞ
¼ q0i l ðtmin < t < T=2Þ
¼ q0i l
q0i liV0
xl
ð1þ cosðxtÞÞ ðT=2 < t < T=2þ tminÞ
¼ 0 ðT=2þ tmin < t < TÞ:
8>>>><
>>>>:
(36)
For the second electrode, we can do the same analysis.
Easily, we can get
qoppoðtÞ¼q0i l
q0i lV0
xl
ð1cosðxtÞÞ ð0< t< tminÞ
¼0 ðtmin< t<T=2Þ
¼q
0
i lV0
xl
ð1þcosðxtÞÞ ðT=2< t<T=2þ tminÞ
¼q0i l ðT=2þ tmin< t<TÞ:
8>>>><
>>>>:
(37)
Therefore, in a full circle, we can always get
qtotðtÞ ¼ q1ðtÞ þ qoppoðtÞ ¼ q0i l: (38)
Thus, the total injected charge is constant in the bulk in a full
cycle, and it no longer depends on the frequency.
The total current from injection is
JiðtÞ ¼ liVðtÞqtotðtÞ=l2 ¼ q0i liðV0=lÞsinðxtÞ: (39)
By substituting Eq. (39) into Eqs. (15) and (16), we can
get
De00 ¼ q
0
i li
xe0
De0 ¼ 0
:
8><
>: (40)
Thus, the polarization caused by the injection becomes
De0 ¼ 0
De00 ¼ q
0
i li
xe0
 2liV0
xl2
ð2liV0=xl2 < 1Þ
De00 ¼ q
0
i li
xe0
ð2liV0=xl2 > 1Þ:
8>>><
>>>:
(41)
Adding Eq. (41) to Eqs. (15) and (16), the relative dielectric
permittivity involves the polarization from the injection can
be written as
e0ðxÞ¼ 2Iimagl
e0xV0S
þ es
e00ðxÞ¼ 2Ireall
e0xV0S
þq
0
i li
xe0
2liV0
xl2
ð2liV0=xl2< 1Þ
e00ðxÞ¼ 2Ireall
e0xV0S
þq
0
i li
xe0
ð2liV0=xl2> 1Þ;
8>>>><
>>>>:
(42)
with
Ireal ¼ f
ð1=f
0
JcðtÞS sinðxtÞdt
Iimag ¼ f
ð1=f
0
JcðtÞS cosðxtÞdt:
8>><
>>:
(43)
III. COMPARISON BETWEEN EXPERIMENTAND
THEORY
The frequency-domain measurements were preceded
using a Solartron 1296 dielectric interface and model 1260A
impedance/-gain phase analyser. The oil sample was vac-
uumed for half an hour to remove dissolved gas. The voltage
across the sample was 1V and the gap between two electro-
des was 0.5mm. The experiments were carried out at four
different temperatures (25 C, 50 C, 75 C, and 90 C). The
test cell filled with oil was maintained at the desired temper-
ature for at least half an hour before each measurement. The
frequency range for the test is 100Hz–0.01Hz. Here, the
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frequency responses of three different types of mineral oil:
the fresh oil, lightly aged oil (aged 10 years), and heavily
aged oil (aged over 50 years), have been measured and
compared.
Figures 2–7 show the results of the frequency response
of the oil samples, which were measured at different temper-
atures. As shown in Figures 2–4, the real parts of the relative
complex permittivity of the all three kinds of mineral oil are
around 2.1–2.4 in frequency ranges from 1Hz to 100Hz and
they seem to be constant regardless of the conductivity. The
space charge polarization can be clearly observed in the
form of the increase of the real part of the complex permit-
tivity at low frequency. This result indicates that the space
charge polarization plays a dominant role in the frequency
response when the frequency is below 1Hz. As mineral oil is
aged, more charge carriers will be generated. Since there are
more charge carriers, the space charge polarization should
become more significant and a higher real part of the com-
plex permittivity can be observed. The imaginary part of the
complex permittivity decreases linearly with slope of 1 in
log-log scale; thus, the mechanism of the electric conduction
does not change remarkably in the frequency range studied
(100Hz–0.01Hz). The imaginary part of the complex per-
mittivity that was calculated based on current theory of space
charge polarization can reach a peak and then start to
decrease as the frequency decreases.9–29 However, the obser-
vation in Figures 4–7 shows that the imaginary part of the
complex permittivity virtually decreases with frequency with
slope of 1 over the whole frequency range that was studied
in this paper and it indicates a near-constant conductivity of
the mineral oil. This inconsistence has been attributed to a
low density of highly mobile charge carriers arising from
charge injection at the electrodes.23 The temperature depend-
ences of the complex permittivity are also depicted in
Figures 2–7. The shifting of the curves towards higher fre-
quencies can be observed as the dissociation rate and the
mobility of the charge carriers will increase when the tem-
perature becomes higher.
Similar to the author’s previous study, we assume that
there are two kinds of charge carriers in our charge transpor-
tation model, the first kind is mainly dissociated from the
ionic pairs and can be fully blocked by the metal electrode,
whilst the second kind can be charged from one electrode
and discharged at the opposite electrode. We have defined a
parameter, a, the ratio of the conductivity that contributed
from the injection over the total conductivity. This ratio is
defined as
a ¼ ri=r; (44)
FIG. 2. The simulation and experimental result of the real part of the com-
plex permittivity of the fresh oil. Dashed line, dashed-dotted line, dotted
line, and solid line are calculated by the means of the curve fitting at 90 C,
75 C, 50 C, and 25 C, respectively. Circular markers, square markers, tri-
angular markers, and pentacle markers represent the observed value at
90 C, 75 C, 50 C, and 25 C, respectively.
FIG. 3. The simulation and experimental result of the real part of the com-
plex permittivity of the lightly aged oil. Dashed line, dashed-dotted line, dot-
ted line, and solid line are calculated by the means of the curve fitting at
90 C, 75 C, 50 C, and 25 C, respectively. Circular markers, square
markers, triangular markers, and pentacle markers represent the observed
value at 90 C, 75 C, 50 C, and 25 C, respectively.
FIG. 4. The simulation and experimental result of the real part of the com-
plex permittivity of the heavily aged oil. Dashed line, dashed-dotted line,
dotted line, and solid line are calculated by the means of the curve fitting at
90 C, 75 C, 50 C, and 25 C, respectively. Circular markers, square
markers, triangular markers, and pentacle markers represent the observed
value at 90 C, 75 C, 50 C, and 25 C, respectively.
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where ri is the conductivity contributed by the motion of the
injected charge carriers. With this definition, Eq. (1) should
be re-written as
nþ ¼ n ¼ n0 ¼ ð1 aÞr=qðlþ þ lÞ: (45)
As seen from the experiment, the imaginary part of the com-
plex permittivity e00ðxÞ decreases with the frequency in a
slope of approximately 1, which means that e00ðxÞ is
proportional to the angular frequency 1=x. In our previous
discussion (see Sec. II), if the second kind of charge carriers
are unable to get to the opposite electrode in a full field
cycle, e00ðxÞ will be proportional to 1=x2. If the mobility of
the second kind of charge carriers can travel to the opposite
electrode in a full cycle at 100Hz, there is always a linear
relationship between e00ðxÞ and 1=x in the frequency range
that is studied in this paper, which is in a good agreement
with the experimental result. Thus, the majority of the
injected charge carriers should have a high mobility so that
they can get to the opposite electrode in a cycle. The mini-
mum mobility lmin can be calculated as
lmin ¼
xl
2E
¼ 100 2 p 5 10
4
4 103
 7:9 105ðm2=s=VÞ: (46)
If li > lmin, Eq. (42) can be simplified as
e0ðxÞ ¼ 2Iimagl
e0xV0S
þ es
e00ðxÞ ¼ 2Ireall
e0xV0S
þ q
0
i li
xe0
:
8>><
>>:
(47)
Thus, the following expression can be obtained by using
Eqs. (20) and (47):
ri ¼ liq0i : (48)
Please note, the injected charge carriers that have a low mo-
bility and are unable to reach the opposite electrode in a full
cycle might still exist in mineral oil. Here, we assume the
conductivity contributed by those slow injected charge car-
riers is rislow. As seen from Eq. (41), the dielectric loss that
is brought by the motion of those slow injected charge car-
riers should always be equal or smaller than rislow=xe0.
Therefore, if their density is negligible, the dielectric loss
caused by the motion of these slow injected charge carriers
can also be ignored.
The simulation follows the procedure discussed by
Sawada.25–29 In this paper, the complex permittivity is calcu-
lated in the same way as in his work by dividing the space
FIG. 5. The simulation and experimental result of the imaginary part of the
complex permittivity of the fresh oil. Dashed line, dashed-dotted line, dotted
line, and solid line are calculated by the means of the curve fitting at 90 C,
75 C, 50 C, and 25 C, respectively. Circular markers, square markers, tri-
angular markers, and pentacle markers represent the observed value at
90 C, 75 C, 50 C, and 25 C, respectively.
FIG. 6. The simulation and experimental result of the imaginary part of the
complex permittivity of the lightly aged oil. Dashed line, dashed-dotted line,
dotted line, and solid line are calculated by the means of the curve fitting at
90 C, 75 C, 50 C, and 25 C, respectively. Circular markers, square
markers, triangular markers, and pentacle markers represent the observed
value at 90 C, 75 C, 50 C, and 25 C, respectively.
FIG. 7. The simulation and experimental result of the imaginary part of the
complex permittivity of the heavily aged oil. Dashed line, dashed-dotted
line, dotted line, and solid line are calculated by the means of the curve fit-
ting at 90 C, 75 C, 50 C, and 25 C, respectively. Circular markers, square
markers, triangular markers, and pentacle markers represent the observed
value at 90 C, 75 C, 50 C, and 25 C, respectively.
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between the two parallel electrodes into N slabs. The initial
condition is setting as the first kind of charge carriers is
assumed to be evenly distributed in the bulk and there is no
presence of the second type of charge carriers. After setting
the initial condition, the calculation of the density of positive
and negative charge carriers within a time interval Dt ¼ T=M
is repeated for several cycles to get stationary values of e0ðxÞ
and e00ðxÞ using Eq. (47). As pointed out by Sawada, the nec-
essary cycles needed to acquire the stationary values of the
complex permittivity increases with the frequency.25–29
Therefore, a wait cycle number K, introduced by Sawada,
which depends on the frequency to obtain the stationary
values is set in our simulation.25–29 It is worth noting that the
approximation involved in this paper is valid only if the dis-
tance moved by a mobile charge in time Dt is sufficiently
smaller than the slab width l/N. This implies
Dt l
2
lV0N
: (49)
The time interval and the number of slab should be set care-
fully so that Eq. (46) can be satisfied. The condition deter-
mined for the calculation in the steady state is summarized
in Table I.
The distance between the two electrodes is 0.5mm. The
total conductivity is calculated from the imaginary part of
the complex permittivity obtained experimentally using
r ¼ xe0e00ðxÞ. The relative permittivity es is taken directly
from the real part of the complex permittivity at 100Hz
measured in the experiments. The mobility of these charge
carriers is assumed to be proportional to the reciprocal of the
viscosity of the oil and the mobility of the charge carriers in
the heavily aged oil is assumed to be 1 109m2=s=V. The
viscosities of these mineral oils have been measured in our
previous work.43
The simulation results of the complex permittivity of
these three kinds of mineral oils with different aging times
are illustrated in Figs. 2–7. Good fittings between observed
and calculated values are achieved for the frequency-
dependent curves of the complex permittivity. In all events,
the real part of permittivity does not change much at high
frequency (1Hz–100Hz) and increases significantly when
the frequency goes lower and the imaginary part of complex
permittivity decreases with the frequency with a slope that is
close to 1 in log-log scale. It seems that if part of the
charge carriers are injected from the electrode, both the real
and imaginary parts of the complex permittivity can be fitted.
The coefficient, 1 a, for three different types of mineral
oils used in the simulation, is shown in Table II.
As seen from Table II, it seems when the oil is aged, the
injected charge carriers will be the main charge carriers in
the mineral oil. Also, a higher temperature can result in a
smaller proportion of the first kind of the charge carriers and
a larger amount of the second kind of charge carriers, which
means that the injection can be enhanced by aging and high
temperature.
A few words should be said on the interpretation of the
charge injection theory in liquid. Equation (17) is valid only
under the condition that two assumptions have satisfied.
First, the injection equation was derived for the case where
the electric field is not too intense, i.e.,
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
e=16pe0erE
p  xB.
According to Alj, xB  0:3nm.30 Thus,
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
e=16pe0erE
p  xB,
when a field of 2 103 V=m is applied. Second, the distor-
tion of the internal field distribution is negligible and the
electric field can be approximated by a homogeneous field.
In our previous work, the electric field that is close to the
electrodes and the electric field that is in the middle of the
two metal electrodes are similar as the average field that is
calculated from E ¼ V=l for all three kinds of mineral oils.43
Besides, if the measurement is carried out under high electric
field, more charge carriers will be created and the field dis-
tortion can be serious. Therefore, these assumptions are no
longer valid under a high electric field. This model can only
be used to explain the frequency response of mineral oil
under a low electric field.
To sum up, the model with two kinds of charge carriers
can fit the experimental data well. The ratio for the conduc-
tivity contributed by the injection current over the total con-
ductivity a increases with the aging and temperature. This
ratio may help us to gain a better understanding of electrical
conduction in the mineral oil. However, this new space
charge polarization model can still be improved. Apparently,
these injected charge carriers can affect the internal field dis-
tribution. Thus, the real part of the complex permittivity of
the mineral oil can also be affected by the charge injection.
The nature of these injected charge carriers is still not clear.
IV. CONCLUSION
The present work is concentrated on the analysis of dis-
persion of dielectric permittivity of mineral oil. Three types
of mineral oil are tested. The conductivity of mineral oil
increases with its aging time. The real part of the complex
permittivity increases faster at a low frequency (below 1Hz)
when the oil is aged, whilst the imaginary part of the com-
plex permittivity decreases with the frequency with a slope
of 1 regardless of the conductivity.
The polarization induced by the injection current has
been studied. When the mobility of these injected charge car-
riers is fast enough so that they can reach the opposite elec-
trode, an ohmic conducting equation can be obtained. The
new model that includes the contribution from charge
TABLE I. Condition for the numerical calculation.
Frequency (Hz) Time coefficientM Slab number N Wait cycles K
100–1 10 000 50 5
1–0.01 100 000 50 3
TABLE II. The coefficient 1  a for three different kinds of mineral oil.
25 C 50 C 75 C 90 C
Fresh oil 0.8 0.45 0.4 0.38
Lightly aged oil 0.30 0.11 0.055 0.050
Heavily aged oil 0.105 0.095 0.090 0.080
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injection can fit the experimental data well. When the oil is
aged, the charge injection takes a more important role in the
electrical conduction. However, the polarization caused by
injection is still not very clear and more research is needed.
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